ffiuA (previously called tonA) gene, located at 3.5 min on the E. coli chromosome.
We cloned theJhuA gene into plasmid p343, a high-copy-number cosmid derived from pBR322. An 8.5-kilobase pair fragment of E. coli chromosomal DNA, generated by hydrolysis with the restriction endonuclease HindIl, was found to have conferred the FhuA+ phenotype to E. coli P8, which lacks the ferrichromeiron receptor.. A partial physical map of this recombinant plasmid pPM18 was established by determining the restriction endonuclease sites for BglII, EcoRI, PstI, PvuII, SmaI, and XhoI. The fhuA gene was localized to a 3.5-kilobase pair fragment of DNA whose extremities were defined by the restriction sites PstIPvuIl. A 7.5-fold enhancement of the rate of transport of iron from the ferrichrome complex was measured for cells which contained pPM18 as compared to wild-type E. coli K-12. Overproduction of the FhuA protein was detected by sodium dodecyl sulfate-polyacrylamide gel electrophoresis of outer membrane proteins of the recombinant plasmid-containing strain. Proteins encoded by the subcloned DNA fragments were identified by [35S]methionine labeling of maxicells of E. coli CSR603, which contained recombinant plasmids; only one polypeptide chain, the presumptive JhuA gene product, was detected.
The outer membrane of Escherichia coli contains a number of proteins which act as specific carriers for high-affinity transport systems (7, 19) . Some of these polypeptides are involved in the translocation of iron-containing compounds across the cell envelope (28) . Enterochelin, a catechol-type siderophore synthesized by some enteric bacteria, is excreted into the external milieu to scavenge iron. For its transport back into the cell, the enterochelin-iron complex binds to the fep gene product, an outer membrane protein of Mr 81,000 (15) . The nine known genes of the enterochelin system, including the fep gene, have been cloned as three HindlIl restriction fragments of almost 30 kilobase pairs (21) . A second high-affinity transport system for iron is inducible by the addition of citrate to the medium; the fecA gene product (Mr, 80,500) in the outer membrane has been implicated in the transport of iron from the citrate-iron complex (33) . E. coli cells which harbor the ColV plasmid may produce aerobactin, a hydroxamate siderophore which specifically interacts with an outer membrane protein of Mr 74,000 to supply the iron requirement of the cell (1) . By molecular cloning of the aerobactin gene complex from the ColV plasmid, the biosynthetic genes for aerobactin production were differentiated from the gene for the cell surface receptor (2, 20) . Four chromosomal genes, JhuA, fluB, tonB, and exbB, have been shown to control the uptake of aerobactin (5) . These same four genes are also required for the uptake offerrichrome-iron. Ferrichrome, a cyclic hexapeptide of the hydroxamic acid type (Mr, 740), is produced by a mold, Ustilago.'From an evolutionary point of view, it is perhaps unusual that E. coli can derive its iron supply from this fungal compound as well as from several other fungal products (22, 23) .
The ferrichrome-iron receptor was identified as the tonA gene product, an outer membrane protein of Mr 78,000 (8) . The same protein also serves as the receptor for phages Ti, T5, and 4)80, for colicin M, and for albomycin, a structural analog of ferrichrome (6) . Because of the physiological role which this protein plays in the cell, the use of the mnemonic fhuA (ferric hydroxamate uptake) has been proposed instead of tonA (for resistance to coliphage T-one) (18) .
In an attempt to understand the multifunctional nature and the regulation of the FhuA (=TonA) protein, we cloned the fluA gene into a high-copy-number cosmid derived from plasmid pBR322. Cells harboring this cloned gene synthesized and inserted a polypeptide of Mr 78,000 as a major outer membrane protein in E. coli K-12.
MATERIALS AND METHODS Bacterial strains and plasmids. The bacterial strains employed in this study were: E. coli AB2847 F-aroB thi tsx malT malA (6); E. coli P8 JhuA, derived from strain AB2847 (6); E. coli MC1000, harbors p343 (from S. Brown); and E. coli CSR603 recA uvrA (31) . The cosmid vector p343 was used for cloning. It is a derivative of pBR322 (4) picked, restreaked,land tested for sensitivity to ampi, cillin, sensitivity to phages T5, Ti, and 484i. and for growth promotion by ferrichrome (13) .
DNA gel electrophoresis. Electrophoresis of DNA was performed on 20-ml horizontal slab gels containing 0.35% agarose in E buffer (40 mM Tris, 20 mM acetic acid, 2 mM EDTA, pH 8.1). Gels were run at 60 mA for 1.5 h. DNA bands were -visualized by staining the gels with ethidium bromide (0.5 ,ug/ml) followed by Polaroid photography under UV light. As molecular weight standards, the HindlIl or EcoRI fragments of phage A were used.
Transport of 5Fe3+-ferrichrome. Cells to be tested for the uptake of 55Fe3" from the ferrichrome-iron complex (12) were grown in M9 minimal medium, washed twice with iron uptake medium (10 mM Trishydrochloride, pH 7.2, 0.5% glucose, 1.0 mM MgSO4), and resuspended in iron uptake medium plus 100 ,uM nitrilotriacetate to an absorbance at 578 nm of 0.40, corresponding to 0.38 mg (dry weight)/ml. Bacteria were equilibrated at 37°C for S min, and uptake of Labeling of maxicls and analysis of plsid-specified polypeptides. Maxicell strain E. coli CSR603 (31) was transformed to tetracycline resistance with plasmid p343 and pPM23 and to ampicillin resistance with pPM18. The parent strain and the transformants were grown at 37°C in M9 salts plus 1% Casamino Acids (Difco) and antibiotic to mid-log phase and then irradiated with a UV fluence of 50 J m-2 from a germicidal lamp at a rate of 10 J m2 s-'. No CFUs were detected on TY plates after such irradiation. Cells were incubated for an additional 3 h at 37°C. Cycloserine was added (final concentration, 200 pg/ml), and the cultures were shaken overnight. Samples of cells were washed with M9 salts and suspended in minimal medium lacking sulfate (31) . After 60 min at 37°C, 12 LCi of (35S]methionine (1,055 Ci/mmol; New England Nuclear) was added to each irradiated suspension; incorporation of radiolabel was for 60 min. Excess 35S was removed by washing. The cells were suspended in 50 IlI of electrophoresis sample buffer (24) and boiled for 5 min. The solubilized proteins were loaded onto a sodium dodecyl sulfate-polyacrylamide slab gel. Electrophoresis was carried out as described previously (24) .
Gels were prepared for autoradiography by impregnation with En3Hance (New England Nuclear) according to the specificiations of the manufacturer. They were dried and exposed to a preflashed sheet of X-ray film (Agfa Gevaert Curix RP-1). Exposure was at -70°C for 4 h.
RESULTS
Cloning of a DNA fragment from E. coil K-12 A number of subclones were generated by using p343 as the vector. After digestion of pPM18 with EcoRI, two DNA fragments, 7.6 and 6.2 kilobase pairs, were observed on agarose gel electrophoresis. The larger of these segments was recovered from a preparative gel of low-melting-point agarose and ligated with p343 cut at the single EcoRI site. The ligation mixture was used to transform E. coli P8 to ampicillin resistance and to the FhuA+pheno-type. All of the transformants which were ampicillin resistant, which showed growth promotion by ferrichrome, and which were sensitive to phages T5, Ti, and 4)80 were shown to have the 7.6-kilobase pair DNA cloned into p343. DNA from one of these transformants was designated pPM20 (Fig. 1) .
Similarly, when pPM18 was digested with PstI, four bands appeared on agarose gel electrophoresis: 7.0, 5.2, 1.2, and 0.6 kilobase pairs. The 5.2-kilobase pair fragment was recovered from a preparative gel and ligated with p343 opened at the single PstI site. Strain P8 was transformed to tetracycline resistance on NB plates with dipyridyl, ferrichrome, and antibiotic. The 5.2-kilobase pair PstI fragment that was ligated to p343 conferred the FhuA+ phenotype to strain P8, and this recombinant plasmid was designated pPM23 (Fig. 1) .
Hydrolysis of pPM23 either with PstI or with PvuII produced a pair of bands on agarose gel electrophoresis of 5.4 and 5.2 kilobase pairs. Within pPM23 was the same unique SmaI site which was previously mapped within pPM18; it was located 3.6 and 1.6 kilobase pairs from the PstI ends of the insert. A double digest of pPM23 with SmaI and PvuII again yielded fragments of 5 (Fig. 1) . The conferred the FhuA+ phenotyp Ferrichrome-promoted iron strains were compared for thei tain iron from the ferrichrom AB2847, P8, and P8(pPM18). was able to accumulate radioac nmol/mg (dry weight) in 10 min; strain P8 showed essentially no transport of "5Fe3+ (Fig.   2 ). The transformant P8(pPM18) rapidly took up iron from the ferrichrome complex over the 10-min interval and accumulated a 7.5-fold higher amount of iron than the wild-type strain.
The same three strains were also tested for ferrichrome-promoted iron uptake after growth in iron-rich TY medium. Although the total amount of iron tranpsorted by strain AB2847 was considerably less (0.06 nmol/mg (dry weight) per 10 min) than when cells were grown in M9 minimal medium, there was 10-fold greater iron taken up over the same time by strain P8(pPM18).
Polyacrylamide gel electrophoresis of outer membrane proteins. The presence of the ferrichrome-iron receptor in E. coli was determined by comparing the sodium dodecyl sulfate-polyacrylamide gel electrophoresis patterns of outer membrane proteins. Outer membranes were 7 lo washed, solubilized in electrophoresis sample buffer, and subjected to electrophoresis (Fig. 3) . In strain AB2847, the JhuA gene product was vely labeled ferri-observed as a minor protein of molecular weight ere grown in M9 78,000; strain P8 showed an absence of this same ake of "Fe3+ from protein. Transformant P8(pPM18) displayed was added to 1.0 greatly increased levels of the FhuA protein; the (U), P8 (0), and intensity of this protein upon staining with Coomassie blue appeared even greater than the intensity of the major proteins OmpF, OmpC, and OmpA. The JhuA gene product could thus be considered a major protein in the outer memupon the sizes of brane of the transformant. of pPM18 with
In our hands, the use of maxicells (31) proved wed fragments of superior to minicells (26) , probably because the The smallest of overproduction of an outer membrane protein only one PvuII altered the division phenotype of the minicellhe other site lay producing strain (unpublished observatiobs). E. ,tI-PstI insert of coli CSR603 and three of its plasmid-containing derivatives, CSR603(p343), CSR603(pPM18), cted from pPM18 and CSR603(pPM23), were exposed to UV light, ir DNA fragment incubated overnight to allow extensive chromo-3 with PvuII was somal degradation, and then labeled with of low-melting-[35S]methionine. The results are shown in Fig. 4 . n with T4 ligase Very little incorporation of label into proteins P8 to ampicillin was observed with strain CSR603, whereas found to have strain CSR603(p343) showed the synthesis of a ;mid, designated major polypeptide of Mr 28,000, the bla gene (29) by in vivo and in vitro physical analysis that the ferrichromeiron receptor is synthesized as a precursor which has a molecular weight about 2,000 greater than the mature membrane protein. The Mr 80,000 protein on our gels likely represents the precursor form. With the overproduction of this protein, processing to the mature form may be restricted by the spatial orientation required for its assembly in the outer membrane. Alternatively, cleavage by a signal peptidase to the mature form could be rate limiting in the overproducing strain.
The greater number offerrichrome-iron receptor proteins in the outer membrane of the strain containing pPM18 was accompanied by an increase in transport activity. (20, 100) , and lactalbumin (14, 400 VOL. 156, 1983 with the wild-type levels of 55Fe3' accumulation, strain P8(pPM18) showed a 7.5-fold higher rate of transport. This increment did not appear to correspond to the apparent gene dosage of the recombinant strain. For pBR322, the plasmid copy number has been shown to be 20 to 50 (14) . Menichi and Buu (27) recently determined that in intact bacteria, only 3% of the TonA (=FhuA) protein which was made by an overproducing strain was available to act as receptor for phage T5. Phage binding activity could be unmasked by partial solubilization of outer membrane proteins by Triton-EDTA so as to aohieve a 50-fold increase in T5 receptor activity. This value of 50-fold corresponded more closely to the plasmid copy number. In the case of the FhuA protein acting to transport iron, it also appears that the number of proteins which are in a functional state in intact P8(pPM18) cells is lower than one would expect from the total number of copies which are present in the outer membrane. When wild-type cells and those containing the recombinant plasmid pPM18 were grown in iron-rich TY medium, the levels of iron transported were considerably reduced; strain P8(pPM18) still displayed 10-fold higher amounts of "5Fe3+ transport compared with strain AB2847. This would suggest that the activity of the ferrichrome-iron transport system is in some way regulated by the iron supply. In addition, we conclude that the transport rates for ferrichrome-promoted iron uptake are dependent on the concentration of the FhuA protein and are apparently limited by the amount of this receptor in the outer membrane.
Three subclones of plasmid pPM18 were constructed to identify the region of chromosomal DNA encoding the JhuA gene. The results (Fig.  1) indicate that the JhuA gene resides on a 3.5-kilobase pair segment of DNA located on pPM23 between the PstI and PvuII sites. Since the unprocessed FhuA protein has a minimum Mr of 80,000 (29) , it would require approximately 2.3 kilobase pairs of DNA for its coding sequence. Our mapping data thus expand upon the partial restriction pattern (32) of the fluA gene carried on plasmids pLC19-19 and pLC4-44 from the Clark and Carbon gene bank of E. coli (9) . The gene was located, at least in part, on a Sall-SalI fragment of 1.1 megdaltons.
By genetic mapping and by complementation analysis, we determined that two transcription units,JhuA andJhuB, are required for the utilization offerrichrome (18) . ThefhuB locus is necessary for the uptake of all the hydroxamate siderophores, including ferrichrome, ferricrocin, rhodotorulic acid, and ferrioxamine B. In spite of the apparent close proximity of JhuA and fluB, we detected only one polypeptide chain as a cloned transcript from the chromosomal inserts of pPM18 and pPM23. This suggests that either the regulatory sequences forffiuB or the coding sequences for this gene lie beyond the HindlIl restriction site of pPM18. Alternatively, this protein may be autogenously regulated and thus its synthesis tightly coupled to produce only a small amount of the FhuB polypeptide. It may have escaped detection by the maxicell analysis (Fig. 4) . Our current efforts are directed toward an understanding of the genetic regulation and expression of the JhuA transcription unit.
